The use of the DNA duplex as a supramolecular scaffold is an established approach for the assembly of chromophore aggregates. In the absence of detailed structural insight, the characterization of thus assembled oligochromophores is, today, largely based on solution-phase spectroscopy. Here, we describe the crystal structures of three DNA-organized chromophore aggregates. DNA hybrids containing non-nucleosidic pyrene and phenanthrene building blocks were co-crystallized with the recently described binding domain of the restriction enzyme BpuJI. Crystal structures of these complexes were determined at 2.7, 1.9 and 1.6Å resolutions. The structures reveal aromatic stacking interactions between pyrene and/or phenanthrene units within the framework of the B-DNA duplex. In hybrids containing a single modification in each DNA strand near the end of the duplex, the two polyaromatic hydrocarbons are engaged in a face-to-face stacking orientation. Due to crystal packing and steric effects, the terminal GC base pair is disrupted in all three crystal structures, which results in a non-perfect stacking arrangement of the aromatic chromophores in two of the structures. In a hybrid containing a total of three pyrenes, crystal lattice induced end-toend stacking of individual DNA duplexes leads to the formation of an extended aromatic -stack containing four co-axially arranged pyrenes. The aromatic planes of the stacked pyrenes are oriented in a parallel way. The study demonstrates the value of cocrystallization of chemically modified DNA with the recombinant binding domain of the restriction enzyme BpuJI for obtaining detailed structural insight into DNA-assembled oligochromophores.
INTRODUCTION
The DNA duplex represents a versatile framework for the assembly and study of supramolecular aggregates. The sequence-controlled self-assembly of DNA strands has resulted in an astonishing diversity of nano-architectures (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . The wide variety of modified building blocks available nowadays (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) allows the DNA-controlled assembly of multiple types of functional units, including aromatic chromophores (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . We recently described the construction of DNA-based light-harvesting antennas, in which non-nucleosidic phenanthrene and pyrene chromophores were organized in a sequence-defined manner (38) (39) (40) . Solution-phase spectroscopy (41) (42) (43) and molecular dynamics simulations (44) strongly suggest that the polyaromatic chromophores are arranged via interstrandstacking. In-depth structural information on the nature of intra-and/or interstrand stacking interactions, however, is missing. Several x-ray crystallographic and solution nuclear magnetic resonance (NMR) structures have been reported on backbone-modified nucleic acids [see e.g. (45) (46) (47) and references cited therein; (48) (49) (50) (51) ] or on sugar-linked aromatic modifications [see (23) and references cited therein; (52) (53) (54) (55) (56) ]. A lectin-bound fucosylated DNA duplex bearing two interacting sugar-linked phenanthrenes was published recently (57) . On the other hand, structural data on the intrahelical organization of non-nucleosidic, polyaromatic hydrocarbons (PAHs) is limited to a single NMR-study by Nielsen et al. (58) highlighting the intra-and interhelical stacking interactions of two pyrene molecules attached via non-nucleosidic linkers. Further knowledge of the spatial arrangement of non-nucleosidic PAHs is crucial for a better comprehension of the properties of chromophore aggregates and a model based on experimental three-dimensional data will greatly improve our understanding of their molecular interactions within a DNA scaffold. To gain crystallographic insight into the intrahelical organization of nonnucleosidic oligochromophores we set out to co-crystallize chemically modified DNA with a suitable DNA-binding protein. Searching protein data bank (PDB) (www.rcsb. org) for mixed protein-DNA-type polymers led us to a recent high resolution structure involving the recognition domain of BpuJI obtained after thermolysin digestion (59, 60) . The stable N-terminal domain of this nuclease was used for co-crystallization of double helical DNA leading to a high resolution structure. Here, we report the successful co-crystallization of phenanthrene and/or pyrene modified DNA double helices as complexes with the DNA binding domain of BpuJI restriction endonuclease. Applying this approach to different PAH-modified duplexes resulted in three well-resolved structures described below.
MATERIALS AND METHODS

Cloning of the BpuJI binding domain
The N-terminal DNA binding domain (residues 1-285) of the BpuJI restriction endonuclease (59) was back-translated and optimized for codon usage in Escherichia coli with the help of the EMBOSS Backtranseq application (see Supplementary Data). After adding Nde1 (N-terminal) and Xho1 (C-terminal) restriction sites as well as a stop codon (TAA), the pre-designed sequence was synthesized by a commercial supplier (Bio Basic Canada Inc., Ontario, Canada). The synthetic DNA insert was isolated as linear fragment from the pUC57 cloning vector by restriction digestion (Nde1/Xho1) and ligated into the pET28a expression vector. The identity of the subcloned construct was confirmed by sequencing (Microsynth, Balgach, Switzerland).
Synthesis of the modified oligonucleotides
Synthesis of the pyrene and phenanthrene phosphoramidites and their incorporation into DNA oligonucleotides was accomplished as described in the literature (61, 62) . The purification and characterization of the strands was done by HPLC and analysis by electrospray ionization mass spectrometry, respectively (Supplementary Data). Three DNA duplexes were prepared with the single strands shown in Figure 1 : 5 -GYT ACC CGT GGA (ON1); 5 -TCC ACG GGT AYC (ON2); 5 -GYA CCC GTG GA (ON3); 5 -TCC ACG GGT ␣C (ON4); 5 -TCC ACG GGT YYC (ON5); where Y = 1,8-dibutynylpyrene and ␣ = 3,6-dibutynylphenanthrene.
Expression and loading of the BpuJI DNA binding domain
The recombinant BpuJI protein ( BpuJI) was expressed in E. coli (transformed BL21 DE3) using ZYP-5052 rich medium for auto-induction. The cells were harvested by centrifugation at 10 000 g and suspended in lysis buffer (10 mM potassium phosphate buffer pH 7.4; 300 mM NaCl; 15 mM imidazole; 0.025% Triton X-100). The cells were disrupted by a French Press, centrifuged at 30 000 g and the supernatant was loaded onto a Ni-NTA column (affinity chromatography). The subsequent washing (lysis buffer, except for imidazole → 40 mM) and elution (lysis buffer, except for imidazole → 200 mM) steps were performed at 4
• C. The eluate usually contained about 0.5-0.6 mg protein per ml. Based on the protein concentration of the eluate a 1.1 molar excess of a corresponding DNA duplex was added. DNA duplexes consisted of either ON1*ON2, ON3*ON4 or ON3*ON5 modified single strands respectively. The modified single strands were prepared and annealed in an aqueous solution containing 100 mM NaCl and 10 mM sodium phosphate buffer (pH 7.4) prior to protein-DNA complex formation. Finally, thrombin was added to the samples and cleavage of the His-tag was allowed to occur overnight at 4
• C.
Purification and crystallization screens
The samples were concentrated to a smaller volume and subjected to gel filtration [Superdex 200 10/300 GL; buffer A: 10 mM Tris-HCl pH 7.5; 0.1 mM ethylenediaminetetraacetic acid; 1 mM DL-dithiothreitol (DTT); 0.02% NaN 3 ]. All samples showed two major peaks in the chromatogram. Only the fractions from the first peak were pooled and concentrated to a final concentration of 5 mg complex per ml (for BpuJI:ON1*ON2), 6 mg complex per ml (for BpuJI:ON3*ON4) and 10 mg complex per ml (for BpuJI:ON3*ON5). Crystallization was carried out by the sitting-drop method using PEG/Ion and PEG/Ion 2 screens from Hampton Research. For BpuJI:ON1*ON2, the best crystals were grown in drops consisting of 1 l 
Data collection and structure determination
Diffraction datasets were collected at the X06DA beamline at the Swiss Light Source (SLS, Paul Scherrer Institut, Villigen, Switzerland). Data were processed using XDS (63) . The PHENIX software suite (64) and Coot (65) were used for model building and refinement. First, Phaser-MR (66) and AutoBuild (67) were used in order to create an initial model of the structure, based on the existing PDB code: 2VLA. The natural nucleotides that were not present in our oligonucleotide sequences were removed from the initial model and replaced stepwise with the non-nucleosidic pyrene and phenanthrene components. Data files containing the geometry restraints of these molecules were generated using the PRODRG Server (68) . An additional file describing the bonds between artificial and natural building blocks had to be written and included in the refinement process.
RESULTS AND DISCUSSION
X-ray structure determination of protein-DNA complexes
The major goal of the present study was to elucidate intraand interstrand interaction modes of non-nucleosidic polyaromatic building blocks within a DNA double helical framework. The DNA-binding domain ( BpuJI) of the type IIS restriction endonuclease BpuJI was chosen as a prototypical B-DNA binder for co-crystallization with pyrene-and phenanthrene-modified DNA duplexes. X-ray structural data of BpuJI complexed with a 12 base pair DNA duplex recently showed specific recognition of a 5 -CCCGT target sequence, located at the central position of the duplex, by the endonuclease and lack of interference with the terminal nucleosides (59) . The BpuJI-DNA interactions exclusively occur in the major groove of the DNA and preserve the canonical B-form of the duplex. We hypothesized that unnatural building blocks located distal to the 5 -CCCGT target sequence should be best tolerated within the prototypical BpuJI:DNA binding mode. Accordingly, three different sets of mutually complementary oligonucleotides, containing a central BpuJI sequence and pyrene (Y) and phenanthrene (␣) modifications next to the terminal GC base pair (Figure 1 ), were designed and prepared according to previously established methods.
The pre-annealed PAH-modified duplexes were mixed with freshly prepared BpuJI at a 1.1 molar excess of DNA over protein. The resulting BpuJI:DNA adducts were isolated as protein-DNA complexes by size exclusion chromatography and, after adjusting for the concentration of the complexes, directly used in sitting drop crystallization experiments. For the three binary protein-DNA complexes described herein, highly diffracting crystals were obtained. Subsequently, crystal structures of these complexes were determined at 2.7, 1.6 and 1.9Å resolution (Table 1 ). All structures were solved by molecular replacement based on the existing PDB code: 2VLA of BpuJI. Relevant data collection and refinement parameters are listed in Table 1 .
The complex with the 12-mer duplex ON1*ON2 contains two non-nucleosidic pyrene building blocks placed oppositely in position 2 (next to the terminal GC base pair, see Figure 1 ), while the complex with the 11-mer duplex ON3*ON4 has one pyrene and one phenanthrene in the same position. The third complex contains a DNA hybrid formed of an 11-mer and a 12-mer (ON3*ON5) and comprises three pyrenes arranged adjacently to the terminal GC base pair as illustrated in Figure 1 .
Crystal structure of duplex ON1*ON2: pyrene-pyrene interactions
Crystals of complex
BpuJI:ON1*ON2 showed orthorhombic symmetry, and the data were collected at a resolution of 2.67Å. The asymmetric unit (ASU) contains two BpuJI DNA binding domains. Each is bound to an individual ON1*ON2 duplex that exhibits a regular B-DNA conformation (Figure 2) .
Overall, both BpuJI:ON1*ON2 complexes are virtually indistinguishable from their native BpuJI:B-DNA counterpart (R.m.s. deviation = 0.444Å, Supplementary Data), with the exception of the newly introduced nonnucleosidic 1,8-dialkynypyrene building blocks and the terminal GC base pair. The latter is disrupted due to the increased steric demand of the pyrene-modified duplex in comparison to the parent native duplex (59) . The increased steric demand is a result of an interstrand stacking arrangement of the two pyrenes, leading to an extension of the duplex in this region (see below for further explanation). The intact B-DNA conformation indicates that replacing nucleosidic building blocks distal to the 5 -CCCGT target sequence of BpuJI is well tolerated and maintains a B-form of the modified duplex within the complex.
In the region of the non-nucleosidic building blocks, the electron density covers the majority of the aromatic ring structures of both covalently attached pyrenes and the ring orientation is well-defined. The first pyrene moiety stacks right on top of the last Watson-Crick base pair (see Figure 3) . Due to the relatively strong density of the phosphate groups, the remaining pyrene and the 5 guanine of ON1 could be placed by following the backbone of the strands. In contrast to the phosphate groups, almost no density is present along the butynyl linkers and the 3 -cytidine of ON2, suggesting that these regions of the duplex are significantly disordered.
The two pyrene units of the BpuJI:ON1*ON2 complex are in close contact with each other. Their arrangement can be described as a displaced, face-to-face stacking interaction. The proximity of the two pyrenes is in agreement with the observed excimer fluorescence in solutions of DNA hybrids containing 1,8-linked, non-nucleosidic pyrenes in opposite positions (41,61,69) . However, the orientation of the two aromatic planes is not parallel, as might be expected, but wedged (25-30 • ). Interestingly, each modified duplex of the BpuJI:ON1*ON2 complex is connected to its neighbor in a head-to-tail fashion forming a linear DNA array in the crystal lattice. In this DNA array, each terminal pyrene is involved in direct crystal contacts with the next duplex by stacking to the adjacent terminal TA base pair ( Figure  4) . The parallel alignment of the pyrene and this TA base pair suggests that this interaction is more important, at least in the crystal, than the stacking between the two pyrenes and, thus, provides a rationale for the non-perfect, wedged pyrene-pyrene stacking interaction. Furthermore, the endto-end contacts between the duplexes of two adjoining complexes show a similarity with the published complex (59), in which tight coaxial stacking of individual duplexes was also found. These end-to-end stacking interactions appear to be important for the formation of the crystal lattice.
Crystal structure of duplex ON3*ON4: pyrenephenanthrene interactions
In contrast to the orthorhombic crystals of two BpuJIbound ON1*ON2 12-mer duplexes, crystals of the BpuJI:ON3*ON4 complex were found to have monoclinic symmetry with a single moiety bound to one 11-mer ON3*ON4 duplex in the ASU. The high resolution of 1.55 A allowed for an easy assignment of the nucleotides and the aromatic phenanthrene ring within the electron density map (Figures 5 and 6) .
The pyrene and phenanthrene building blocks within the BpuJI binding site are separated by only one base pair from the 5 -CCCGT binding sequence. Nevertheless, the B-DNA conformation is preserved in the BpuJI DNA binding domain of the ON3*ON4 duplex. The electron density in the region of the covalently attached phenanthrene building block nicely covers the aromatic ring moiety, including its butynyl linkers and the connecting phosphate group (Figure 6) .
The phenanthrene ring stacks on top of the last WatsonCrick base pair. The electron density of the pyrene moiety of ON3 is well enough defined for establishing its ring orientation and reveals a stacking interaction with the phenanthrene. The terminal 3 -C of ON4 points away from the helical axis, whereas the terminal 5 -G of ON3 may be arranged in a stacking interaction with the pyrene. Both nucleotides, however, reveal a comparably weak electron density, indicating that the terminal nucleotides of the duplex are largely disordered. The disruption of the terminal GC base pair is explained by steric clashes resulting from the elongation of the DNA duplex by the incorporated aromatic building blocks. In contrast to the head-to-tail linear arrangement observed for BpuJI:ON1*ON2, the complex BpuJI:ON3*ON4 reveals a head-to-head type interaction between adjacent helices in the crystal lattice ( Figure 7) . The interaction of two neighboring helices is not mediated by PAH stacking interactions, as might be expected, because the two pyrenes are spatially well separated.
Crystal structure of duplex ON3*ON5: extended coaxial pyrene stacks
The BpuJI:ON3*ON5 structure contains a total of three pyrene building blocks: strand ON3 has one pyrene in position 2 and strand ON5 has two pyrenes in positions 2 and 3 ( Figure 8 ). Two strong electron densities on top of the last natural base pair reveal that the two pyrenes of strand ON5 are arranged in an intrastrand stacking interaction. The single pyrene moiety of strand ON3 and the adjacent terminal 5 -G are shifted aside from the stack, which can be explained by steric factors imposed by the crystal lattice. The comparatively weak density suggests a relatively large disorder in this region. Also the terminal 3 -C of ON5 is disordered and could not be identified within the present density map. Crystals of BpuJI:ON3*ON5 disclose a headto-head type coaxial stacking interaction between adjacent DNA duplexes. The contact between the two DNA duplexes occurs via pyrene-pyrene contacts, thus leading to an extended pyrene stack composed of four units ( Figure  9 ). Aromatic planes of the pyrenes are aligned in a parallel, face-to-face stacking mode. The stacking distances between adjacent pyrenes is 3.5Å. The terminal GC base pair is also disrupted in this structure. This leads to the formation of dangling ends: a pyrene and a G on the 5 -end and a 3 -C. The 5 -terminal guanine is engaged in a trans Hoogsteen/sugar edge type base pair (70) with a nearby adenine (see Supplementary Data) .
The data obtained in this study demonstrate that nonnucleosidic PAHs, such as phenanthrene and pyrene engage in intra-and interstrand stacking interactions inside a DNA double helical framework. The findings support the spectroscopic data previously obtained in solution with pyrene and phenanthrene modified DNAs. This includes, in particular, excimer formation among pyrenes placed in opposite positions in a DNA double helix or arranged in adjacent positions in the same strand. In addition, the importance of stacking interactions between the PAH and the natural base pairs is further underlined by all three structures. Endto-end stacking of alkynyl substituted PAHs is observed in crystal lattices and seems to play a major role in cases where interhelical stacking is possible. Such oligo-or polymerization has been observed previously for phosphodiesterlinked oligomers, not only for pyrene (71) or phenanthrene (62) , but also for DNA containing other chromophores, such as perylenediimide (72) or porphyrins (73) . In all the three structures described here, the non-natural building blocks are involved in head-to-head or head-to-tail contacts between the protein-DNA complexes in the crystal lattice. The non-modified parts of the DNA duplexes remain in their canonical B-DNA conformation in all the three structures and the binding region, as well as the rest of the protein, are identical to the reference structure (59) . Furthermore, the typical changes observed in the vibronic patterns in UV/vis absorption bands (74) of stacked pyrenes are also maintained in the three duplexes when they are complexed to BpuJI (see Supplementary Data). Thus, BpuJI appears as an ideal system for co-crystallization of not only canonical but also chemically modified DNA duplexes. Crystallization attempts with BpuJI bound to DNA duplexes bearing modifications in the DNA binding region (i.e. in the central region of the duplex) were, so far, unsuccessful.
CONCLUSIONS
The incorporation of non-nucleosidic building blocks into DNA results in constructs with distinct structural and electronic properties. In the present study, we describe the structural details of non-nucleosidic dialkynylpyrenes and dialkynylphenanthrenes in a DNA double helical framework. Three modified duplexes were investigated by x-ray analysis after co-crystallization with the recombinant binding domain of the restriction enzyme BpuJI (59). In the binary complex, the DNA serves as a scaffold for the molecular organization of the chromophores and provides a recognition site for the DNA binding part of the protein. The overall B-DNA conformation of the parent duplex is maintained in the presence of the terminally attached modified building blocks. The structures elucidate the nature of the stacking interactions between the pyrene and/or phenanthrene units. In duplexes containing one modification in each DNA strand near the end of the duplex, the two chromophores are engaged in a face-to-face stacking orientation, albeit not in a perfectly parallel arrangement. Crystal packing effects and steric clashes resulting from the elongation of the DNA duplex by the incorporated aromatic building blocks are at least partly responsible for the nonperfect stacking interactions in duplexes ON1*ON2 and ON3*ON4. The presence of steric effects is demonstrated by the fact that the terminal GC base pairs are disrupted in all the three crystal structures. In duplex ON3*ON5, crystal-lattice-induced end-to-end stacking of individual DNA duplexes leads to the formation of an extended aromatic -stack of four co-axially arranged pyrenes. The aromatic planes of the stacked pyrenes are oriented in a parallel manner. The single pyrene present in ON3 is separated from the pyrene stack, which can again be explained by steric factors imposed by the crystal lattice. This study demonstrates the value of co-crystallization of chemically modified DNA with the recombinant binding domain of the restriction enzyme BpuJI for obtaining otherwise inaccessible structural information about DNA-assembled oligochromophores. 
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